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Introduction

The pathological proteins aggregation into the fibrillar structures is common to a large group of amyloid-
related disorders, such as neurodegenerative diseases. Accordingly, there is a need for development of ana-
lytical tools, particularly fluorescent probes for detection of amyloid fibrils. Aim. To design amyloid-sensi-
tive styrylpyridinium fluorescent dyes. Methods. QSAR model for the prediction of the dye efficiency
followed by the synthesis and spectral-luminescent studies. Results. Nine structures with the highest pre-
dicted efficiency were selected from the virtual database of 1500 styrylcyanines; these compounds were
synthesized and their spectral-luminescent properties in the presence of amyloidogenic protein insulin were
studied. The dyes are weakly fluorescent when free and have a low sensitivity to native insulin. In the pres-
ence of insulin fibrils, they increase the fluorescence intensity up to dozens of times depending on the nature
of the terminal substituent. The dye with a 4-methylpiperidinyl substituent demonstrated the highest fluores-
cence response (up to 23 times) and a wide range of fibril detection (1-40 pg/ml). Conclusion. (4-(4-di-
alkylaminostyryl) -pyridinium dyes with cyclic aliphatic terminal substituent have the properties of fluores-
cent probes for sensing the amyloid fibrils. The prediction accuracy of the regression model is suitable for
the majority of the styrylcyanines but poor in the case of the dyes with piperazinyl substituent or those
containing additional aromatic substituents.

Keywords: fluorescent probes, styrylcyanine dyes, synthesis, regression model QSAR, amyloid fibrils,
protein detection

tion is the usage of fluorescent probes that are sensi-
tive to their beta-pleated structure. The benzothia-

A pathological self-assembly of proteins into the in-
soluble fibrillar aggregates is common to a large
group of amyloid-related disorders, such as neurode-
generative diseases, amyloidosis, prion diseases and
type Il diabetes [1-3]. A protein involved in the am-
yloid fibrils is specific to each disease. Despite of the
fact that various amyloidogenic proteins do not re-
veal any simple amino acids sequence homology, all
amyloid formations possess similar structural and
morphological properties [4].

Among fast and convenient methods of the detec-
tion of the amyloid fibrils and study of their forma-

zole dye Thioflavin T and its derivatives are mostly
used in this application [5]. Recently mono- and tri-
methine cyanine dyes were developed as efficient
fluorescent probes that were able to discriminate the
amyloid aggregates [6, 7]. Additionally, the fluores-
cent sensitivity of beta-ketoenoles to the fibrillar ag-
gregates has been recently discovered [8]. However,
there is still a request for the design of new fluores-
cent molecules with high selectivity to the amyloid
formations.

It is suggested that fluorescence of dye molecules
increases due to their rigid fixation in the rows formed
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by the beta pleats of polypeptide chains (binding
channels). This way the dye molecules possess fluo-
rescent sensitivity to a structural motif common for
the amyloid aggregates formed by various proteins.

Recently we for the first time have applied a
QSAR method as a part of ligand based virtual
screening to design fluorescent dyes that are sensi-
tive to the amyloid fibrils [9]. The artificial neural
network (ANN) methodology was evaluated to build
the regression model of activity prediction. The most
influential descriptors chosen for the developing of
this model are connected with the structural param-
eters of the dye molecule and thus reflected its com-
plementarity to the structure of the binding channel
of the amyloid fibril. The developed model was able
to predict a fluorescent response of the cyanine dyes
to the fibrils of alpha synuclein (ASN). In the present
work we apply this regression model to design the
amyloid-sensitive dyes based on the styrylpyridini-
um fragment, the molecules of this kind were earlier
shown as fluorescent reporters for DNA and fibrillar
aggregates [10]. The elongated shape of styrylpyri-
dinium molecule provides a good fitting to the
grooves formed either by double strands of DNA or
by the beta pleats of amyloid fibril. As a model for
the current studies, the amyloidogenic protein insu-
lin is used. The morphology of its protofilaments
distincts from that of ASN (native protein contains
one polypeptide chain) since insulin consists of two
polypeptide chains, that remain bounded during the
fibril formation. The polypeptide chain A of insulin
is placed out of fibrilar core and thus distored the
geometry of the binding channel [11].

The regression model applied on the virtual data-
base of about 1500 styrylcyanines to predict the fluo-
rescent sensitivity of about 120 compounds to amy-
loid fibrils. The nine of these styrylcyanine dyes
with a variation of terminal substituents are synthe-
sized. The fluorescent properties of these dyes when
free and in the presence of native and fibrillar insulin
are studied, the linear range of fibril detection pro-
vided by the dyes is determined. The accuracy of the
prediction provided by the earlier developed regres-
sion model and thus its versatility is estimated.

290

Materials and Methods

Data sets and processing. All manipulations with
structures were done in InstantJIChem suite
(InstantJChem, ver. 14.12.15.0, 2014, ChemAxon,
http://www.chemaxon.com). The virtual database of
compounds was created using cross-linking of re-
agents based on the chemical classes of known amy-
loid-sensitive dyes [5]. All compounds were consid-
ered only frans- isomers. The structures were pre-
pared by error checking, subsequent 2D cleaning
and geometrical optimization.

Molecular descriptors calculation. Molecular de-
scriptors were calculated using the InstantJChem.
This program calculates descriptors of six catego-
ries: constitutional descriptors, electronic descrip-
tors, physicochemical properties, topological indi-
ces, geometrical molecular descriptors, and quantum
chemistry descriptors.

Regression model evaluation. As for other data,
their processing and regression analysis was carried
out with the same method as that described in our
previous work [9].

General methods. Melting points were determined
in capillaries by heating with a heating gun and were
not corrected. Chromatographic separations were
performed on silica gel 60 (40—6.3 mm) with analyti-
cal grade solvents, driven by a positive pressure of
air; Rf values refer to TLC (visualized with UV light)
carried out on alumina backed plates coated with 25
mm silica gel (Merck F,s4), with the same eluant in-
dicated for the column chromatography. The solvent
removal was performed by evaporation on a rotavap
at 40 °C. The 1H NMR spectra were recorded with a
Varian Mercury VXR 400 spectrometer (operating at
400 MHz for 1H). The 1H NMR data are reported as
multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet or unresolved, br = broad sig-
nal), coupling constant(s) in Hz, integration). The
chemical shifts were determined relative to the re-
sidual solvent peak (CHCl;: d=7.27 ppm for 1H
NMR; DMSO-d4: d=2.49 ppm). Dimethylformamide
(DMF), n-butyl alcohol, isopropyl alcohol (IPA),
methyl tert-butyl ether (MTBE) were purchased from
MacroChem (Kyiv) and distilled. All other reagents
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were purchased from Acros Organics (BE) unless
otherwise stated.

Synthesis of compounds. 1, 4-dimethylpyridin-
I-ium iodide: a solution of 4-picoline 18.6 g
(200 mmol) in CHCl; 100 ml was treated with meth-
yl iodide 57.4 g (31.5 ml, 500 mmol, 2.5 eq.).
Reaction mixture was left to stand for 4 days and
crystalline solid was separated by filtration and
washed with MTBE for 3 times. Yield 36.4 g, 77.5%.

Typical procedure for obtaining the substituted al-
dehydes: a solution of 6.21 g (50 mmol) of 4-fluoro-
benzaldehyde in 30 ml of DMF under argon was
treated with the appropriate secondary amine
(60 mmol) and anhydrous potassium carbonate
17.27 g (125 mmol, 2.5 eq.) at 110 °C for 16—
24 hours. The end of the reaction was monitored on
TLC. Reaction mixture was poured into the water
200 ml and extracted with MTBE 3 times. Organic
extracts were washed with water and brine, dried on
Na,S0, and evaporated. Compounds were subjected
to chromatographic purification on SiO, with
Hexane/Ethyl acetate. Compounds were stored un-
der argon.

4-(piperidin-1-yl)benzaldehyde, la. Yield 62%,
m.p. 76-78 °C. 1H NMR (CDCl;): 1.69 (br s, 6H,
CH,CH,CH,), 3.39 (br s, 4H, CH,NCH,), 6.86
(d,J=7.7Hgz, 2H, CH,,,), 7.67 (d, ] = 7.7 Hz, 2H,
CH,om), 9.72 (s, 1H, CHO).

4-(azepan-1-yl)benzaldehyde, Ib. Yield 75%, oil.
1H NMR (CDCl;): 1.56 (br s, 4H, CH,CH,), 1.81
(br s, 4H, NCH,CH,), 3.53 (br s, 4H, CH,NCH,),
6.64 (d,]=8.6 Hz, 2H, CH ,,,,), 7.62 (d, J = 8.6 Hz,
2H, CH o), 9.65 (s, 1H, CHO).

4-(morpholin-4-yl)benzaldehyde, Ic. Yield 67%,
m.p. 82-84 °C. I1H NMR (CDCls): 3.29 (t, J =
4.5 Hz, 4H, CH,NCH,), 3.79 (t, J = 4.1 Hz, 4H,
CH,0CH,), 6.86 (d, ] = 8.5 Hz, 2H, CH,,,), 7.68
(d, J=8.5Hz, 2H, CH,, ), 9.74 (s, 1H, CHO).

4-(4-methylpiperidin-1-yl)benzaldehyde, Id. Yield
62%, oil. IH NMR (CDCls): 0.98 (d, J = 6.2 Hz, 3H,
CH;), 1.23 — 1.35 (m, 2H, CH,CHCH,), 1.55 — 1.68
(m, 1H, CH;CH), 1.73 (d,J=12.7,2H, CH,CHCH,),
2.88 (t, J = 12.4 Hz, 2H, CH,NCH,), 3. 88 (d, ] =
10.9 Hz, 2H, CH,NCH,), 6.83 (d, J = 7.4 Hz, 2H,

CHyom), 7.64 d, 2H, J = 7.4 Hz, CH,ym), 9.69
(s, IH, CHO).

4-(4-methylpiperazin-1-yl)benzaldehyde, le. Yield
54%, m.p. 44-47 °C. 1H NMR (CDCl;): 2.24 (s, 3H,
CH;), 2.32 (t, ] = 4.5 Hz, 4H, CH,N(CH;)CH,), 3.29
(t, J=4.5 Hz, 4H, CH,N,CH,), 6.79 (d, ] = 8.4 Hz,
2H, CH, o), 7.61 (d, J=6.4 Hz, 2H, CH,,), 9.67 (s,
1H, CHO).

4-(3-methylpiperidin-1-yl)benzaldehyde, If. Yield
52%, yellow oil IHNMR (CDCl;): 0.96 (d,J=6.4 Hz,
3H, CH3), 1.07 — 1.19 (m, 1H, CH), 1.61 — 1.89 (m,
4H, CH,+CH,),2.52 (t,J=10.7 Hz, 1H, NCH,), 2.84
(t, J=12.3 Hz, 1H, NCH,), 3.79 (dd, ] = 19.8, 8.5 Hz,
2H, NCH,), 6.82 (d, ] =8.3 Hz, 2H, CH,,,), 7.62 (d,
J=83Hz, 2H, CH,1), 9.68 (s, 1H, CHO).

Tert-butyl 4-(4-formylphenyl) piperazine-1-car-
boxylate, 1 g. Yield 50%. 1H NMR (CDCl;): 1.47
(s, 9H, t-Bu), 3.34 (br s, 4H, CH,NCH,), 3.56 (br s,
4H, CH,NCH,), 6.86 (d, J = 8.4 Hz, 2H, CH,p),
7.69 (d, J=8.7 Hz, 2H, CH ;1 ), 9.75 (s, 1H, CHO).

4-(4-phenylpiperazin-1-yl)benzaldehyde, Ij. Yield
72%, m.p. 93-95 °C. 1H NMR (CDCl,): 3.32 (br s,
4H, CH,NCH,), 3.56 (br s, 4H, CH,NCH,), 6.79
(t, J=6.9 Hz, 1H, CH,y, ), 6.94 (d,J = 7.8 Hz, 2H,
CHyom), 7.04 (d, J = 8.4 Hz, 2H, CH,p), 7.21
(t, J=7.1 Hz, 2H, CHyop ), 7.71 (d, J = 8.6 Hz, 2H,
CHyom)> 9.71 (s, 1H, CHO).

4-(4-benzylpiperidin-1-yl)benzaldehyde, Ih. Yield
64%, m.p. 77-79 °C. 1H NMR (CDCl,): 1.22 — 1.37
(m, 2H, CH,CHCH,), 1.62 — 1.80 (m, 3H, CH, .
CH(Bn)), 2.51 (d, J = 6.9 Hz, 2H, BnCH,), 2.81
(t,J=12.1 Hz, 2H, CH,NCH,), 3.86 (d, ] = 12.5 Hz,
2H, CH,NCH,), 6.79 (d, J = 8.3 Hz, 2H, CH,;m)-
7.05 (t, J =75, 2H, CHyopn), 712 (t, J = 7.4, 1H,
CHyom), 717 = 7.24 (m, 2H, CHyop ), 7.62 (d, J =
8.3 Hz, 2H, CH ), 9.67 (s, 1H, CHO).

General procedure for preparation of styryl
compounds: a solution of 1, 4-dimethylpyridin-
1-ium iodide 0.235 mg (1 mmol) and appropriate
aldehyde (1.1 mmol, 1.1 eq.) in Sml of n-butanol
was heated at 140 °C in oil bath with stirring for
6 hours. Crystals were collected, filtered and washed
with IPA. Compounds were recrystallized from a
mixture of [IPA and DMF.
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1-methyl-4-[(E)-2-[4-(piperidin-1-yl)phenyl]
ethenyl[pyridin-1-ium iodide, Ila. Yield 41%. M.p.
202 °C. 1H NMR (DMSO-dy4): 1.66 (br s, 6H,
CH,CH,CH,), 3.63 (br s, 4H, CH,NCH,), 4.25
(s, 3H, CH;), 6.92 (d, ] = 7.2 Hz, 2H, CH o, ), 7.14
(d,J=16.0 Hz, 1H, CH,;, ), 7.56 (d, J = 7.2 Hz, 2H,
CHyrom), 7.85 (d, J = 16.0 Hz, 1H, CH,;,y), 8.07
(d, J = 4.3 Hz, 2H, CHyy), 8.74 (d, ] = 4.3 Hz, 2H,
CHPy.)'
4-[(E)-2-[4-(azepan-1-yl)phenyl]ethenyl]-
1-methylpyridin-1-ium iodide, 1Ib. Yield 40%. M.p.
158 °C. 1H NMR (DMSO-dy): 1.55 (br s, 4H,
CH,CH,), 1.80 (br s, 4H, NCH,CH,), 3.56 (t, ] =
12.0 Hz, 4H, CH,NCH,), 4.24 (s, 3H, CH;), 6.72
(d, J=8.2 Hz, 2H, CH,, ), 7.05 (d, J=16.3 Hz, 1H,
CHyiny1), 7.55 (d, J = 8.2 Hz, 2H, CHyyp,), 7.84
(d,J=16.3 Hz, 1H, CH,js, ), 8.01 (d, J=6.0 Hz, 2H,
CHpy), 8.72 (d, J = 6.0 Hz, 2H, CHpy).
1-methyl-4-[(E)-2-[4-(morpholin-4-yl)phenyl]
ethenyl]pyridin-1-ium iodide, Ilc. Yield 57%. M.p.
188 °C. 1H NMR (DMSO-dg): 3.00 (s, 3H, CHj),
3.28 (brs,4H, CH,NCH,), 3.79 (brs,4H, CH,OCH,),
4.28 (s, 3H, CH;), 6.72 (d, ] = 8.5 Hz, 2H, CH o),
7.21(d,J=16.2Hz, 1H, CH,;,,;), 7.61 (d, ] = 8.2 Hz,
2H, CH o), 7.88 (d, J = 16.3 Hz, 1H, CH,;y1 ), 8.10
(d, J = 6.1 Hz, 2H, CHyy), 8.79 (d, ] = 6.1 Hz, 2H,
CHPy.)'
1-methyl-4-[(E)-2-[4-(4-methylpiperidin-1-yl)
phenyl]ethenyl[pyridin-1-ium iodide, Ild. Yield
46%. M.p. 217 °C. 1H NMR (DMSO-d¢): 0.99
(d, J = 6.2 Hz, 3H, CH;), 1.19 — 1.31 (m, 2H,
CH,CHCH,), 1.56 — 1.68 (m, 1H, CH;CH), 1.75
(d, J = 12.1 Hz, 2H, CH,CHCH,), 2.85 (t, ] =
11.5 Hz, 2H, CH,NCH,), 3.89 (d, J = 12.2 Hz, 2H,
CH,NCH,), 4.24 (s, 3H, CH;), 6.91 (d, J = 8.1 Hz,
2H, CHyrom ), 7.14 (d, J = 16.1 Hz, 1H, CH,jyy1 ), 7.55
(d,J=8.1Hz,2H, CH,op), 7.85 (d,J=16.1 Hz, 1H,
CHyiny1 ), 8.05 (d, J = 6.0 Hz, 2H, CHp, ), 8.75 (d, ] =
6.0 Hz, 2H, CHpy).
1-methyl-4-[(E)-2-[4-(4-methylpiperazin-1-yl)
phenyl]ethenyl]pyridin-1-ium iodide, Ile. Yield
27%. M.p. 196 °C. 1H NMR (DMSO-d¢): 2.26 (s,
3H, CH;), 3.07 (br s, 4H, CH,N(CH;)CH,), 3.32 (br
s, 4H, CH,N4,CH,), 4.25 (s, 3H, CH;), 6.93 (d, ] =
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8.0 Hz, 2H, CHyop), 7.18 (d, J = 16.0 Hz, 1H,
CHying1)> 7.59 (d, J = 8.0 Hz, 2H, CHyp,), 7.65
(d,J=16.0 Hz, I1H, CH,;ny ), 8.07 (d, J = 5.6 Hz, 2H,
CHpy), 8.75(d, J = 5.6 Hz, 2H, CHpy).
1-methyl-4-[(E)-2-[4-(3-methylpiperidin-1-yl)
phenyl]ethenyl]pyridin-1-ium iodide, IIf. Yield 46%.
M.p. 162 °C. 1H NMR (DMSO-d¢): 0.97 (d, J =
6.2 Hz, 3H, CH;), 1.09 — 1.21 (m, 1H, CH), 1.57 —
1.89 (m, 4H, CH, + CH,), 2.49 (br s, 1H, NCH,),
2.82 (t,J=12.1 Hz, 1H, NCH,), 3.81 (t,J = 6.5 Hz,
2H, NCH,), 4.26 (s, 3H, CH;), 6.93 (d, ] = 8.2 Hz,
2H, CHyom ), 7.15 (d, J = 16 Hz, 1H, CH,ny1), 7.55
(d,J=8.2Hz, 2H, CH,, ), 7.86 (d,J=16.0 Hz, 1H,
CHyiny1), 8.07 (d, J = 5.9 Hz, 2H, CHy, ), 8.77 (d, ] =
5.9 Hz, 2H, CHpy).
4-[(E)-2-(4-{4-[(tert-butoxy)carbonyl|piperazin-
1-yl]phenyl)ethenyl]-1-methylpyridin-1-ium,  [lg.
Yield 34%. 1H NMR (DMSO-d): 1.45 (s, 9H, t-Bu),
3.32(brs,4H, CH,NCH,),3.51 (brs,4H, CH,NCH,),
4.25 (s, 3H, CHs), 6.96 (d, J = 8.1 Hz, 2H, CH o1 ),
7.20(d,J=16.1Hz, 1H, CH,j,y1), 7.59 (d, J = 8.1 Hz,
2H, CH rom), 7.89 (d, J = 16.1 Hz, 1H, CH,jpy1), 8.11
(d, J=5.5 Hz, 2H, CHyy), 8.77 (d, J = 5.5 Hz, 2H,
CHPy.)'
I-methyl-4-[(E)-2-[4-(4-phenylpiperazin-1-yl]
ethenyl[pyridin-1-ium iodide, 1Ij. Yield 43%. M.p.
179 °C. 1H NMR (DMSO-dy): 3.32 (br s, 4H,
CH,NCH,), 3.50 (br s, 4H, CH,NCH,), 4.27 (s, 3H,
CH;), 6.79 (t, 1 = 7.1 Hz, 1H, CH oy, ), 6.94 (d, J =
7.8 Hz, 2H, CH,,.), 7.02 (d, J = 8.3 Hz, 2H,
CHyrom ), 7.14 = 7.28 (m, 3H, CH o + CH,iny1 ), 7.62
(d, J=8.2 Hz, 2H, CH,), 7.89 (d, 1H, J = 16.2,
IH, CH,iny1), 8.09 (d, J = 5.1 Hz, 2H, CHj,), 8.78
(d,J=5.1 Hz, 2H, CHyp,).
4-[(E)-2-[4-(4-benzylpiperidin-1-yl)phenyl]
ethenyl]-1-methylpyridin-1-ium iodide, IIh. Yield
37%. M.p. 173 °C. 1H NMR (DMSO-dy): 1.23 —
1.37 (m, 2H, CH,CH(Bn)CH,), 1,65 — 1.83 (m, 3H,
CH, . CH(Bn)), 2.56 (br s, 2H, PhCH,), 2.81 (t,J =
12.0 Hz, 2H, CH,NCH,), 3.87 (d, J = 12.0 Hz, 2H,
CH,NCH,), 4.26 (s, 3H, CH;), 6.90 (d, ] = 7.3 Hz,
2H, CH,yp), 7.10 — 7.18 (m, 4H, CH,,), 7.21 —
7.27 (m, 2H, CHyory + CH, i), 7.56 (d, J = 7.7 Hz,
2H, CHyom ), 7.85 (d, J = 16 Hz, 1H, CH,yy) 8.06
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Fig. 1. Base scaffold of styrylpyridines, the NR1R2 substituents
are presented in the Table 1.

(d, J=5.0 Hz, 2H, CHpy), 8.77 (d, J = 5.1 Hz, 2H,
CHpy).

Preparation of solutions. The dyes stock solu-
tions were prepared by dissolving the dyes at 2 mM
concentration in DMF. Working solutions of free
dyes were prepared by diluting stock solutions in
50 mM Tris-HCl buffer (pH 7.9) to the concentration
2 uM. The working solutions of dye-proteins com-
plexes were prepared by adding the aliquot of stock
solution of monomer insulin or fibrillar insulin ag-
gregates to the 2 uM dye solution, insulin concentra-
tion in the working solution was 3.4 pM. The insulin
stock solution was prepared by dissolving 0.1 mM
HCI water solution to 2 mg/ml concentration.

Insulin fibril formation. Human insulin (Sigma-
Aldrich) was dissolved at 340 uM (2 mg/ml) concen-
tration in 0.1 mM water solution of HCI (pH = 2).
The amyloid fibrils were formed by incubating the
protein solution in a Thermomixer incubator at 65 °C
for about 5 h. The presence of fibrillar insulin aggre-
gates was confirmed by the atomic force microscopy.

Spectral properties of free dyes and of dyes in the
presence of insulin. The fluorescence spectra were
registered using the fluorescent spectrophotometer
Cary Eclipse (Varian, Australia).The absorption was
registered using the spectrophotometer Specord M —
40 (Germany, Carl Zeiss).The fluorescence emission
was excited on the wavelength of the corresponding
excitation maxima. The experiments were performed
at room temperature.

Fluorescence quantum yields recording. The
evaluation of dyes quantum yields was carried out

Table 1. Substituents in a set of the synthesized dyes.

Number Name of NR,R, group Structugrreo(l)ltr“)NRle
o N~
Ila piperidin-1-yl-
N ~
IIb azepan-1-yl-
1Ic morpholin-4-yl-
0]
N ~
11d 4-methylpiperidin-1-yl-
l/\ N -
IIe 4-methylpiperazin-1-yl- \)
_N
N ~
If 3-methylpiperidin-1-yl-
N/
I 4-[(tert-butoxy)carbonyl]
& piperazin-1-yl group boe” N \)
K‘\ N/
1 4-phenylpiperazin-1-yl- N \)
Ph”
N ~
ITh 4-benzylpiperidin-1-yl-
bn
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by the comparative method which involved the use
of well characterized standard sample (Rhodamine
6G) with known @ value (0.95) [12, 13]. The solu-
tions of the Rhodamine 6G and dye samples with
identical absorbance at the same excitation wave-
length were assumed to absorb the same number of
photons. A simple ratio of the integrated fluores-
cence intensities of the two solutions (recorded un-
der identical conditions) gave the ratio of the quan-
tum yield values.

Results and Discussion

Compound selection and synthesis. Virtual data-
base with 1500 molecules was created based on the
chemical diversity of the styrylpyridinium dyes (Fig. 1)
using MarvinSketch (MarvinSketch, ver. 14.12.15.0,
2014, ChemAxon, http://www.chemaxon.com).

To create the virtual model, the studied dyes were
divided according to the intensity of their fluorescent
response to the presence of fibrillar ASN If/I?, where
(I") is emission intensity of the dyes in the presence
of native and (If) fibrillar protein. To get the predic-
tion of the quantitative IY/I* ratio for new virtual
compounds the regression analysis was performed
for each of them.

The set of 120 dye candidates was selected for the
synthesis from database by the ANN model. Based

on results of the regression analysis and with consid-
eration of chemical feasibility the series of 9 styryl-
pyridines containing variation of the terminal sub-
stituents were synthesized (Table. 1).

The synthesis of target dyes was carried out by the
condensation of 1, 4-dimethylpyridin-1-ium iodide
with benzaldehydes (Fig. 2). Diversity of the dye
structures was provided by the variation of substitu-
ents in 4-position of the benzene aromatics. Required
aldehydes were obtained by treatment of p-fluoro-
benzaldehyde with secondary amines in the presence
of the base. All compounds were obtained with simi-
lar yields, with exceptions of IId and IIf dyes. The
presence of the chiral center in both molecules
caused lower yield at the crystallization step.

Six dyes of the selection series have close vol-
umes and planar sizes of the molecules, while three
dyes (Ilg, I1j, ITh) are characterized by a larger size
due to the aromatic substituents in 4 positions.

Fluorescent properties of dyes in a free state and
in the presence of native and fibrillar insulin. The
fluorescent properties of the 4-(4-dialkylamino-
styryl)-pyridinium dyes in the free state, in the pres-
ence of native insulin or its fibrillar aggregates are
presented in Table 2. For free dyes Ila, Ilc-ITh the
excitation maxima are located in the range 400—
420 nm, while maximum of IIb is red shifted to

]
J@)
B —
) R'I\N

o
CrCHB X SN
l " | — |
N
HSC/N Z R1\N H3c/ =
| R’IZ

R2

R1

L9

Fig. 2. General approach to the synthesis of styrylpyridines. The RINR2 substituents are described in the Table 1.
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Table 2. The fluorescent properties of 4-(4-dialkylaminostyryl)-pyridinium dyes in free state; native insulin or fibrillar

insulin aggregate presence.

Dye Free dye Dye + native insulin [n] Dye + fibrillar insulin [f] /m I/m
A%, nm Aem nm I a.u. Jem nm m a.u. e nm em nm AS It au. €xp. pred.
Ila 410 616 3.9 617 3.6 533 607 74 73.0 203 | 24
b 477 614 7.1 611 6.7 546 606 60 88.0 13.1 17
IIc 404 605 5.6 604 4.8 498 590 92 89.0 18.5 | 20
1Id 416 615 3.0 614 2.9 514 604 90 66.0 22.8 19
Ile 400 590 16.4 590 16.3 474 584 110 43.6 2.7 14
If 420 615 3.6 616 3.7 520 607 87 36.0 9.7 8
IIg 408 603 14.7 605 14.1 496 598 102 52.9 3.8 22
1Ij 402 597 29 598 2.8 478 588 110 9.6 3.4 34
ITh 414 609 4.0 607 4.1 515 609 94 48.0 11.7 | 26

A%, Aem - maxima of fluorescence excitation and emission spectra;

I"- emission intensity of dye,; IY["- increase in emission of the dye in the presence of native [n] and fibrillar [f] insulin.

477 nm. The emission maxima of dyes are in the
range 590-616 nm. Thus, the dyes possess a wide
range of values of Stokes shift (137-206 nm). The
dyes show a weak intrinsic fluorescence with the in-
tensity in the range 2.9-16.4 a.u., the most intensive
emission is observed for dyes Ile and IIj 16.4 and
14.7 a.u., respectively.

In the presence of native insulin the excitation/
emission maxima of dyes remained unchanged or
slightly shifted (up to 6 nm), relatively to those of
free dyes. The fluorescent properties of the dyes
poorly change in the presence of native insulin that
points to the weak interactions between the dyes and
protein.

In the presence of fibrillar insulin the excitation
maxima of dyes strongly shift to the] long-wave re-
gion (for 69-123 nm) relatively to those of the free
dyes, whereas the emission maxima of the dyes
slightly (up to 15 nm) shift to the short-wave region.
Thus, the values of the Stokes shifts for the dyes in
complexes with the fibrillar aggregates decrease
comparing to those of the free dyes, however they
remain quite significant (60110 nm) (Fig. 3).

Each of the dyes give fluorescent response to the
fibrillar insulin aggregates: from 2.7 times for Ile
dye to 22.8 times for IId dye. The Ila and IId dyes
with piperidinyl- and 4-methylpiperidinyl groups

demonstrate the highest increase in the emission
value (I/I") due to fibrillar insulin presence 20.3 and
22.8 times, respectively. The Ile, Ilg, IIj dyes give a
low fluorescence response (2.7 — 3.8 times) however
possess the largest Stokes shifts (102—110 nm). The
fluorescence quantum yields in the presence of the
insulin fibrils are estimated as 4.6% and 3.7% for I1d
and Ila dyes, respectively.

Detection range of Ila and 11d dyes for fibrillar
insulin aggregates. The detection range of the fibril-
lar insulin was determined for two of dyes that give

70

—_ k) W L th S
(=T =T = = = =
==

Fluorescence intensity, a.u.

=

350 400 450 500 550 600 650 700 75
I, nm
Fig. 3. Fluorescence excitation and emission spectra of the dye

I1d in the absence (red dash and blue dot lines) and presence of
fibrillar insulin (black solid and green dash dot lines).
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Fig. 4. Titration of dyes Ila (left) and IId (right) by fibrillar insulin. The 2 pM dye solution was used.

strong fluorescent response — Ila and Ilb. For this,
we performed the titration of 2 uM dyes solutions
with increasing concentration of the aggregated in-
sulin (Fig. 4). The lower limit for detecting fibrillar
insulin by the dyes was determined as equal to the
insulin concentration leading to a two-fold increase
in fluorescence intensity. The upper limit of the de-
tection range was estimated as the highest concen-
tration where the dependence of the dye fluorescence
intensity on the fibrils is still linear. Thus, 2 pM con-
centration of the dyes Ila and IId allowed the fluo-
rescent detection of the fibrillar insulin in the linear
concentration range of 0.8—40 pg/ml and 1-0 pg/ml
, respectively, (Fig. 4).

This linear detection range is comparable with
sensitivity of commonly used dye Thioflavin T pos-
sessing linear detection range 0.5-25 pg/ml of insu-
lin fibrils [7].

Prediction accuracy. The predicted values of the
fluorescence response ratio (I¥/1* pred.) are presented
in Table 2; comparison of this value with If/I* exp.
allows us to estimate the prediction accuracy of the
regression model. Graphical representations of this
characteristic are present in Fig. 5.

Among descriptors used in the ANN model the oval-
ity index is one of the most valuable for the prediction
of fluorescent response of the dye [9]. Ovality index is
a descriptor that represents departure of the molecule
from the spherical shape. It equals to 1 for the spherical
molecules and increases for the longer ones [14].
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The impact of ovality is associated with the mode
of dye binding to the fibril — the dye molecule is sug-
gested to locate in the groove formed by the beta-
sheets parallel to the long axis of the fibril. This
mode proposed for Thioflavin T binding to the amy-
loid fibrils is based on the dye optimal molecular di-
mensions (15.2 A° X-axis, 6.1 A® Y-axis and 4.3 A°
Z-axis) [15]. For cyanine dyes the favorable param-
eters of molecules fluorescently sensitive to the ASN
fibrils were determined to be about 3 A® Z-axis and
up to 6.5 A° Y-axis that is complementary to the
width and depth of the fibril binding channel. [6].
Thus, dyes with a higher ovality index (an elongated
shape) fit better to the fibrillar groove and thus more
tightly fixed in it.

The good prediction accuracy was observed for
the styrylcyanine dyes containing unsubstituted pi-

= If/ In exp.

4000, = [f/ In pred.

35.00
30.00
25.004
20.00
15.004
10.004
5.00 1
0.00 -

[la IIb Ilc IId Ile IIf Ilg 1IIj TIh

Fig. 5. Correspondence between the values of emission en-
hancement predicted by the model and obtained experimentally.
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peridinyl, 3- and 4-substituted piperidinyl, mor-
pholinyl, azepanyl and 4-substituted piperazinyl
groups (Fig. 5).

The dyes IIg-ITh containing bulky groups at the
4th position (substituted with aromatics) give a no-
ticeably lower fluorescence response than the dyes
with the non-substituted or Me-substituted cyclic
aliphatic group. For the molecules with aromatic
groups poor prediction accuracy is observed. It could
be partially related to the peculiarities of the mor-
phology of insulin protofilaments. The B-chain of
insulin forms the core of the fibrils, while the A-chain
is suggested to be located outside the main fibril core
[11, 16]. This way the A- chain could distort shape of
the groove and hinder a tight binding of molecules
with bulky groups.

The molecules containing piperazinyl fragment
demonstrate poor If/I" exp. ratio in comparison with
their piperidine analogues (pairs Ile — IId and IIj —
ITh, compound I1Ig). The piperazine cycle contain-
ing an additional aliphatic nitrogen atom possess[es]
a high tendency to proton accepting (i.e. H-bonding).
We suggest that due to this the tertiary aliphatic ni-
trogen could play a role of “anchor” — it could bind
to the electron donor substituents of amino acids
side groups or to the amide bonds. This way the lay-

Bindingchannel

Less advantageous

Advantageous

Fig. 6. Proposed schemes of the layout of styrylcyanine dye
molecules into the groove of amyloid fibril. Left arrow - direct
“tight” placing into the fibril groove, right - due to the interac-
tion of the terminal nitrogen with the electron donor groups of
the amino acid side chains the molecule is partially lifted out of
the groove and thus less tightly fit to it.

out of the dye molecule in the binding channel is
displaced from the near-planar-planar position
(Fig. 6). In this case the fixation of the dye molecule
is less tight; thereby it allows additional degrees of
vibrational freedom for the dye molecule and this
leads to a decrease in the fluorescence response in-
tensity [6].

As shown, regression model gives good predic-
tion accuracy only for dyes with non-substituted or
Me-substituted cyclic aliphatic groups Ila-IId, IIf.
For the dyes Ile, IIg-ITh containing bulky aromatic
substituent in cyclic aliphatic groups and/or contain-
ing piperazinyl groups the prediction accuracy is
low. It points to the limitations of applicability of the
earlier developed regression model and causes an in-
terest in its further modification to provide a higher
prediction accuracy.

Conclusion

The earlier developed regression model was applied
for the design of dyes with fluorescence sensitivity
to the amyloid fibrils. Nine styrylpiridines dyes with
predicted high activity have been selected from the
virtual database, synthesized and characterized for
their spectral-luminescent properties.

The dyes are low fluorescent when free and insen-
sitive to native insulin. However, they increase the
emission in the presence of the insulin fibrils that is
mostly pronounced for the derivatives with azepa-
nyl, morpholinyl and 4-methylpiperidinyl terminal
groups (up to 23 times).

The quantum yield of the dyes in complexes with
the fibrilar protein reaches 4.6% (dye Ild with
4-methylpiperidinyl group). The compounds with
4-methylpiperidinyl and piperidinyl groups possess
a good linear detection range of the insulin fibrils
(1-40 mkg/ml).

The regression model has shown good prediction
accuracy for the dyes with non-substituted or Me-
substituted cyclic aliphatic terminal groups and poor
for those containing piperazinyl terminal group or
bulky aromatic substituents in cyclic aliphatic
groups. It points to the limitations of the prediction
ability of the model.
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The 4-(4-dialkylaminostyryl)-pyridinium dyes
with cyclic aromatic terminal groups are proposed as
prospective fluorescent molecules for sensing the
amyloid aggregates of proteins.
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Ju3zaiin (4-(4-nuankijiaMiHOCTHPHII)—TPUIHHOBHX
O0apBHUKIB 1715 ¢uryopecueHTHOI AeTeKUil aMiJIoiTHUX
piopua

M. L. ITnpmmn, C. B. Yepniii, B. b. Koanbcbka, C. M. SIpmosnrok

[Naronoriuna arperamist OuTKiB y OeTa-ckiamyacti (GiOpmIsapHi
CTPYKTYpH TIOB’SI3aHa 3 BEJIMKOIO IPYIOI0 BaKKUX 3aXBOPIOBAHb,
cepeq SIKMX HefpoiereHepaTuBHi po3iaay. Y 3B’ 3Ky 3 [IUM aKTy-
ATBHOIO € PO3p0o0Ka aHATITHYHUX IHCTPYMEHTIB, 30KpeMa, (iyo-
PECUCHTHHX 30H/IIB, IO J03BOJSIOTH JICTEKTYBATH aMUIOIIHI (i-
Opmwm. Meta. Metoto mpencraBieHoi poOOTH € Iu3aifH aMiJoisi-
YYTIMBUX CTUPWIMIPUINHOBUX (IIyOpECHECHTHHX OapBHUKIB.
Metonu. Metox QSAR st iependadeHHs 1y TIMBOCTI OapBHIUKIB
o aminoimaux (GiOpwia, XIMIYHMX CHHTE3, CIEKTpajbHI JOCIi-
JokeHHst . Pesyabraru. I3 Bipryansnoi 6a3u Ha 1500 crupromniiani-
HIiB Oyni 00paHi JIeB’sITh CTPYKTYP 13 HAHBHUIIOO Tepen0adeHOr0
edextuBHicTIO. OOpaHi CrIoMyKy Oyl CHHTE30BaHi, iX CIIEKTPab-
HO-JIFOMIHECLICHTH1 BIIaCTHBOCTI OyJIM BUBYCHI Yy IPUCYTHOCTI aMi-
noinoreHHoro Oika iHcyniny. L[i GapBHUKHM MatOTh HU3bKY BIIACHY
(ITyOpECIICHIIIF0 Ta HU3bKY Yy TJIMBICTh 10 MOHOMEPHOTO 1HCYJTiHY.
Y npucyTHOCTI (hiOpHIIPHOTO IHCYITiHY BOHH MOXYTh 301JIbIIIyBa-
TH IHTEHCHBHICTB ()ITyOpECIEHIIIT 10 IECATKIB Pa3iB 3aJIeKHO Bif
MIPUPOIH KIHIIEBOTO 3aMICHUKA B MOJIEKYITi OapBHHKa. bapBHHUK 13
4-MeTHITPUANHOBAM 3aMiCHUKOM Ma€ HailBUIILy (ITyOpeCHeHTHY
BIANOBIb (10 23 pa3iB) 1 MIMPOKHIA [iara30H ACTEKIIiT aMiIOiT HUX
¢di6pmi (1-40 Mxr / mit). BucHoBkn. (4-(4- nuasikinaMiHOCTHPHIIT)
-IPAAVHOBI GAPBHUKY 3 UKJIYHAME ali(paTHIHIMA KiHIIEBUMA
3aMiCHUKaMH IEMOHCTPYIOTh IEPCIIEKTHBHI BIACTHBOCTI K (iryo-
pecleHTHI 30HIM T AeTekuii aminoinaux ¢ibpun. Perpeciiina
MO/IEITb [IOKa3aJia XOPOILy TOYHICTh nependadeHHst st OUTbIIOCTI
OapBHUKIB, BUKJIFOUCHHSIM € CTUPWILIIAHIHH, [0 MICTSITh MiTepasu-
HUJIOBMI Ta 1HII apOMAaTHYHI 3aMiCHUKH.

KnwuyoBi ciaoBa: QuyopecueHTi 30HAW, CTHPHIIIIaHiHOBL
OapBHUKH, CHHTE3, perpeciiina moaens QSAR, aminoinni ¢idpu-
JIM, JeTEK1s OlIKa

Ju3zaiin (4-(4-1MaIKHIAMUHOCTHPUJI)—THPUINHOBUX
Kpacureieii 1Jis1 (uryopecuieHTHOM IeTeKIMN aMUJIOHIHbIX
(pudpui

. Y. Napmmn, C. B. Yepnnii, B. b. KoBanbckas,
C. H. fSIpmomntox

[Naromormyeckast arperamyst OekoB B OeTa-CKiamdarsie GHOpHII-
JISIPHBIC CTPYKTYPBI CBsI3aHa ¢ OOJIBILION TPYIINOH TSHKEIbIX 3a00I1e-
BaHMH, B YACTHOCTH, HEMPOJIETeHEPaTUBHBIX pacCTPOMCTB. B cBsi-
31 C 3THM aKTyaJIbHOH SIBIISIETCS pa3paboTka aHAIMTHYECKHX HH-
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CTPYMEHTOB, K IIPHMEDY, (NIyOpPECUEHTHBIX 30H/I0B, II03BOJISIOIIHNX
JleTeKTHpoBarh amunonaaele puopmwoibl. Leas. Lleabio npen-
CTaBIICHHOW PaOOThI SABISACTCSA AU3aH aMHIJIONI-4yBCTBUTEIBHBIX
CTUPWINUPHIUHOBBIX (ITyOpPECHEeHTHBIX Kpacuteneil. MeToabl.
Metox QSAR st npencka3aHus UyBCTBUTENBHOCTH KPAacUTEIS K
(buOpHILIaM, CHHTE3, CIICKTPAJIbHBIC UCCIIeIOBaHs. Pe3yabTaThl.
W3 BupryansHOit 62361 Ha 1500 CTHPUIIAHUHOB OBUTH BEIOPAHBI
JICBATH CTPYKTYP C BBICOKOI TPOTHO3MPOBAHHOW 3(PEKTHBHO-
CTBIO. OTH COCIMHEHHS ObUIM CHHTE3UPOBAHBI, MX CIEKTpPab-
HO-JIFOMHMHECLICHTHBIC CBOMCTBA ObUTM M3Yy4YEHBI B IIPUCYTCTBUU
aMUJIOUJIOTEHHOTO Oeka MHCYIMHA. KpacuTeny nokasaini HU3Kyo
COOCTBEHHYIO (DIIYOPECHICHIIMIO M HHU3KYIO UYYBCTBHTEIBHOCTH K
MOHOMEpPHOMY MHCYIMHY. B nmpucyTcTBruy (GHOpMILISIPHOTO HHCY-
JIFHA OHU MOTYT YBEJIMYMBATh HHTEHCHBHOCTH ()ITyOpECIIEHIINH 710
JIECATKOB Pa3 B 3aBUCHMOCTH OT ITPUPOJIBI KOHIIEBOTO 3aMECTUTEIIS
B MoJieKyre Kpacurenst. Kpacurens ¢ 4-MeTWInmupuIMHOBBIM 3aMe-

CTHUTEJIEM JaeT CaMblii BEICOKHH (TyOpecLeHTHEIH oTBeT (10 23
pa3) ¥ IHPOKHI THANA30H ACTEKINH aMIIOUTHEIX Gudpwn (1-40
MKT / Mi1). BbIBOIbI. (4-(4-IHaNKIIaMUHOCTUPHIT )-IUPUTHHOBBIC
KPacHUTeNH ¢ LMKIMYECKUMHU AIIM(aTHIeCKUMU KOHEUHBIMH 3aMe-
CTUTEJISIMU JIEMOHCTPHPYIOT ITEPCIIEKTHUBHbIE CBOKMCTBA Kak (uryo-
PECLICHTHBIE 30HIBI UL JCTEKIMH aMIIOWIHBIX (HHOpHILL.
Perpeccronnast Mozens 1mokasaia XOpolryio TOUHOCTh MpesicKa3a-
HUS JUTs OONBITMHCTBA CTUPMIIINAHNHOB, 32 NCKITIOICHHEM KPacH-
Tenel comep KalX MUMEPasHHITIOBHN U IPyTHE apOMaTHIECKue
3aMECTUTEIIH.

Kao4deBbie ci0Ba: OayopeclieHTHBIC 30H/1bI, CTHPUIIHAHN-
HOBBIE KPACHTENH, CHHTE3, perpeccronHas Mozens QSAR, ammito-
uaHbIe PUOPUILTBL, ACTEKIHUs OenKa
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